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Summary 
The 104 kDa irreC-rst protein, a member of the immu- 
noglobuIin auperfemily, mediates homophilic adhe- 
sion in cell cultures. In larval optic chiaems, the protein 
is found on recently formed axon bundles, not on older 
ones. In developing visual neuropils, it is present in 
all columnar domains of specific layers. The number 
of irreC-rst-positive neuropil stratifications increases 
until the midpupal stage. Immunoreactlvity fades 
thereafter. The functional importance of the restricted 
expression pattern is demonstrated by the severe pro- 
jection errors of axons in the first and second optic 
chlasms in loss of function mutants and in trans- 
formants that express the irreC-rst protein globally. 
Epigenesis of the phenotypes can be explained par- 
tlally on the bases of homophilic irreC-rst interactions. 
Introduction 
Understanding the mechanisms that establish the precise 
pattern of connectivity in nervous systems is one of the 
fundamental tasks of neurobiology. The formation of con- 
nectivity has been conceptually subdivided into three 
steps: pathway selection, target selection, and address 
selection (Goodman and Shatz, 1993). During pathway 
selection, axonal growth cones have to make multiple de- 
cisions to bridge the distance to their target regions, which 
they then actively recognize (target selection). Since Sper- 
ry's formulation of the chemoaffinity theory (1963), it is 
generally believed that the specificity of pathway and tar- 
get selection is chemically guided (e.g., Bonhoeffer and 
Gierer, 1984). At least two mechanisms contribute: che- 
motaxis, a response of the growth cones to gradients of 
diffusible substances (Ramon y Cajal 1893; Patterson and 
Nawa, 1993; Kennedy et al., 1994), and contact guidance 
mediated by proteins expressed on the surface of growth 
cones, on their cellular environment, and on the extracellu- 
lar matrix (e.g., Rathjen et al., 1987; Harrelson and Good- 
man, 1988; Grenningloh et al., 1990; Bixby and Harris, 
1991; Hortsch and Goodman, 1991; Walsh and Doherty, 
1991; Doherty and Walsh, 1992; Husmann et al., 1992; 
Hynes and Lander, 1992). These mechanisms do not re- 
quire neuronal activity and establish species-specific, 
genetically prefixed neuronal connections. In contrast, 
address selection depends on neuronal activity and com- 
petition with neighboring inputs. It leads to a refinement 
of the initial synaptic connectivity and often to a removal 
of overlapping contacts (Thompson et al., 1979; Lo and 
Poo, 1991; Shatz, 1990). 
So far, mechanisms of address selection have mainly 
been studied in vertebrates. In invertebrates, the focus of 
research has been on activity-independent mechanisms 
(e.g., Goodman and Doe, 1993). Many studies have 
proven the usefulness of invertebrate model systems by 
revealing that members of the same superfamilies of pro- 
teins are involved in all animals in axonal pathfinding. One 
example is the immunoglobulin superfamily (Williams and 
Barclay, 1988; Rathjen and Jessell, 1991). Until recently, 
the functional significance of its members was mainly in- 
ferred from their expression on neuronal membranes by 
observing growth cone behavior on such membranes in 
vitro, by homophilic or heterophilic protein interactions in 
appropriate test systems, and by in vitro and in vivo anti- 
body blocking experiments (e.g., Hoffman and Edelman, 
1984; Rathjen and Schachner, 1984; Edelman, 1986; 
Sonderegger and Rathjen, 1992). 
Mutational analysis, a complementary approach to the 
functional characterization of neural cell adhesion mole- 
cules, was initiated by work of Elkins et al. (1990) and 
Grenningloh et al. (1991) on the role of fasciclins in estab- 
lishing specific axonal pathways in the Drosophila embryo. 
Using the homologous recombination technique, muta- 
tions in genes of the immunoglobulin superfamily have 
also been created in mice (Giese et al., 1992; Cremer et 
al., 1994; Tomasiewicz et al., 1993; Montag et al., 1994). 
The development of the Gal4/UAS ectopic expression sys- 
tem (Brand and Perrimon, 1993) now allows a study of 
the function of neural adhesion molecules in tissue- 
specific gain of function mutants (Lin and Goodman, 
1994). So far, phenotypes found ir~uch mutants demon- 
strate that neural adhesion molecules do not function on 
their own or solely by increasing adhesion. Often, their loss 
can be compensated redundantly. This puts emphasis on 
the possible interactions among different cell adhesion 
molecules and on their interplay with other protein factors. 
The irreC-rst gene of Drosophila codes for the first mem- 
ber of the immunoglobulin superfamily that was found on 
the basis of an axonal projection defect (Ramos et al., 
1993). Its closest known relative is the chicken axonal sur- 
face protein DM-GRASP/SC1/BEN (Burns et al., 1991 ; Ta- 
naka et al., 1991; Pourqui~ et al., 1992). We now show 
that the irreC-rst protein functions as a homophilic cell 
adhesion molecule in transfected S2-Schneider cells in 
vitro. In vivo, irreC-rst immunoreactivity labels recently 
formed axon bundles in the optic chiasms. Though it is 
down-regulated on older ones, immunoreactivity persists 
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Figure 2. irreC-rst Mediates Homophilic Interactions In Vitro 
(A and 13) In cell aggregation assays, heat shocked S2-Schneider cells 
not transfected with pKB256-HB3 do not aggregate (A), whereas 
transfected, heat shocked S2-Schneider cells do (B). Bar, 100 p.m. 
(C) When pKB256-HB3 transfected 82 Schneider cells are labeled 
with RITC (red fluorescent) and mixed with untransfected cells (labeled 
with FITC [green fluorescent]) prior to the aggregation assay, red ag- 
gregates form under the exclusion of green cells. 
(D) In clusters of transfected and heat shocked S2-Schneider cells, 
MAb24A5.1 immunoreactivity accumulates at the sites of cell contact 
(arrows). 
(E) Time course of cell aggregation of two independently transfected 
$2 Schneider cell lines (A and B) in comparison with untransfected 
control cells. Plotted is the normalized particle number (NJNo) as a 
function of time. The error bars denote the standard deviation between 
independent experiments (n = 3, controls and cell line B; n = 4, cell 
line A). 
Bars, 100 p.m (B); 10 I~m (D). 
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Figure 1. irreC-rst Protein Recognition by Monoclonal Antibodies against the Extracellular Domain 
(A) The approximate binding sites of MAb24A5.1 and MAb21D11.1 (horizontal bars) were determined by the ELISA binding abilities of various 
fusion proteins (Table 1). The arrow indicates the putative cleavage site of the signal sequence. Small numbers indicate amino acid position. The 
transmembrane domain is marked by the large gray bar. 
(B) Western blot probed with MAb21 D11.1 shows a single band at 104 kDa in wild-type Berlin third instar larval brains (wtB), a dominant 104 kDa 
band, and some minor bands in extracts of S2-Schneider cells transfected with the HB3 cDNA under the control of a heat shock promoter and 
in brains of third instar larval transformants containing the pKB256-HB3 vector. No irreC-rst protein is present in untransfected S2-Schneider cells 
(empty lane not shown) and in mutant larval brains hemizygous for Df(1)rst-vt or irreC ~'~. Brains of the P element-induced mutant irreC urn83 with 
reduced mRNA levels (Ramos et al., 1993) did not contain amounts of irreC-rst protein detectable at this level of sensitivity. The 11 kDa decrease 
in size of the irreC-rst protein in the rst cT mutant was predicted from sequence analysis (Ramos et al., 1993). 
(C-F) Comparison of irraC-rst mRNA expression and MAb24A5.1 immunoreactivity. (C) and (D) show eye imaginal disc and optic lobe mRNA 
expression in third instar larvae. Details of mRNA expression pattern are reflected in the pattern of MAb24A5.1 immunoreactivity (E and F). mRNA 
expression slightly precedes protein expression in the eye disc (arrowheads in [C] and [E] point to morphogenetic furrow). Note also the expression 
in two cell clusters of the Iobula complex (arrows in [D] and IF]). MAb24A5.1 labels retinula cell axons in the optic stalk (os). Immunoreactivity is
visible in concentric rings of lamina (la), medulla (me), and Iobula complex (Io). 
Bar, 100 p.m. 
its spatially and temporal ly highly regulated expression 
pattern by mutations and global overexpression in trans- 
formants both lead to axonal projection defects in the optic 
lobe. The apparent similarity of loss and gain of function 
phenotypes is explained on the basis of homophil ic adhe- 
sion and the specificity of the normal irreC-rst expression 
pattern. 
Results 
Recognition of Wild-Type and Mutant irreC-rst 
Proteins by Monoclonal Antibodies 
As a prerequisite for the functional characterization of the 
irreC-rst protein, we produced monoclonal antibodies 
against a bacterial fusion protein containing the extracellu- 
lar domain of the irreC-rst protein. MAb24A5.1 requires 
the N-terminal tip of the mature protein (residue number 
21-24 of the irreC-rst precursor protein; Ramos et al., 
1993) for binding, whereas amino acids 329-341,  between 
the third and fourth Ig domain, are essential for binding 
of MAb21D11.1 (Table 1; Figure 1A). These antibodies 
were of complementary use, since MAb21D11.1 worked 
well in Western blot experiments and MAb24A5.1 was best 
Table 1. Binding of Monoclonal Antibodies to Fragments of the 
Extracellular Domain of the irreC-rst (HB3) Protein 
Fusion Extent of HB3 Fragment Binding of Binding of 
Proteins (Amino Acid Positions) MAb24A5.1 MAb21D11.1 
PS1500 21-522 + + 
XS1300 21-455 + + 
A1000 25-342 - + 
AE900 25-328 - - 
XS1200 72-455 - + 
N800 163-429 - + 
NA500 163-342 + 
KX500 292-455 - + 
XA300 344-455 - - 
PN400 390-522 - - 
Essentialresidues (amino 21-24 329-341 
acid position 
Construction of fusion proteins and ELISA binding tests were per- 
formed as stated in Experimental Procedures. Amino acid positions 
relate to the numbers given for the irreC-rst precursor protein (Ramos 
et al., 1993). 
for histology. Both antibodies specifically bind to irreC-rst 
protein. MAb21D11.1 recognizes a protein band of about 
104 kDa in wild-type embryos and larval and pupal brains. 
The band is absent in null mutants of the irreC-rst locus 
and is reduced to about 93 kDa in the rst cT mutant (Figure 
1 B). This size reduction by about 11 kDa was predicted, 
owing to the partial deletion of exon H, which codes for 
the intracellular domain of the irreC-rst protein (Ramos et 
al., 1993). The molecular mass deduced from the amino 
acid sequence of the wild-type irreC-rst protein after cleav- 
age of the putative signal sequence comes to only 79.4 
kDa. Therefore, the 104 kDa size of the mature protein 
suggests posttranslational modification. Overexpression 
of an irreC-rst cDNA under the control of a heat shock 
promoter in third instar larval brains or in transfected S2- 
Schneider cells yields addit ional proteins of reduced mo- 
lecular mass (Figure 1B). 
MAb21D11.1 detects no antigens in Western blots of 
Df(1)rst-vt, irreC IR~, and irreC u~83 mutants (Figure 1 B) or in 
untransfected S2-Schneider cells (empty lane not shown). 
MAb24A5.1 immunoreactivity is absent in loss of func- 
tion mutants and in untransfected S2-Schneider cells, 
whereas S2-Schneider cells transfected with the irreC-rst 
(HB3) cDNA are strongly immunoreact ive (see Figure 2D). 
The irreC-rst protein expression pattern (Figures 1E and 
1 F) correlates well with the mRNA expression pattern (Fig- 
ures 1C and 1D) in all developmental  stages of wild-type 
animals (data shown for larval stages). 
irreC-rst Mediates Homophilic Cell Adhesion In Vitro 
The first functional question we asked was whether irreC- 
rst is able to mediate cell adhesion. For this purpose, we 
stably transfected S2-Schneider cells with a heat shock 
HB3 construct (pKB256-HB3). Cell aggregation assays 
show that transfected S2-Schneider cells adhere to each 
other after heat shock (Figures 2B and 2E), whereas un- 
transfected controls do not (Figures 2A and 2E). When 
dye-labeled transfected and untransfected cells are mixed 
prior to aggregation, untransfected cells are not incorpo- 
rated into cell clusters (Figure 2C), and the irreC-rst protein 
accumulates strongly at the contact sites of transfected 
S2-Schneider cells (Figure 2D). Therefore, irreC-rst medi- 
ates homophil ic binding in S2-Schneider cells. 
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Figure 3. Analysis of irreC-rst Expression in the Third Instar Larva and Its Relation to Early Optic Lobe Structure 
(A) Horizontal optical section labeled with MAb24A5.1. irreC-rst protein is present in the neuropils of lamina (la), distal (dm) and proximal medulla 
(pro), and Iobula (Io). Expression in cortical areas of lamina and medulla (mc) shows a granular distribution; protein does not outline membranes 
of cell bodies or cell body fibers. In the outer (xl) and inner (x2) chiasms, only few fibers are labeled. Staining inthe older medulla neuropil s 
restricted to two distinct layers that have not yet separated in younger parts. The distal medulla layer shows columnar organization, whereas this 
is not so obvious in the proximal medulla layer at this developmental stage. 
(13) Schematic representation f a horizontal section through the larval optic lobe. Closed arrows indicate he gradient of neuropil differentiation. 
IrreC-rst immunoreactivity is highlighted in red. Note that most projections in the optic chiasms are irreC-rst negative; only young fascicles are 
immunoreactive (A). C&T cells (blue), although irreC-rst negative, are shown as posterior lamina fibers take their route to he inner optic hiasm 
in irreC mutants (indicated by the blue arrow marked with an asterisk; see also Figures 6F and 6G). 
Anterior is left; lop, Iobula plate; Ipc, Iobula plate cortex; tme, transient medulla neuropiL 
Bar, 25 p.m. 
irreC-rst Protein Marks Young Axons of Columnar 
Neurons in the Larval Optic Lobe 
The spatial and temporal expression pattern of a cell adhe- 
sion protein should be of functional significance. There- 
fore, we investigated irreC-rst expression in detail. The 
protein is not found in the embryonic optic lobe anlagen. 
No immunoreactivity is detectable in first and second in- 
star larvae (data not shown). Postembryonic expression 
of the irreC-rst protein starts with the differentiation of 
imaginal sensory organs and the outgrowth of sensory 
axons in the third larval instar. It then appears on subsets 
of visual fibers that form the neuropils of lamina, medulla, 
and Iobula (Figure 3A) and in imaginal discs of the wing, 
haltere, leg, eye, and antenna (unpublished ata). In cor- 
tex areas, cell bodies show localization of the protein in 
vesicular bodies; no membranes of cell bodies or cell body 
fibers are stained. No immunoreactivity was detected in 
the larval optic nerve (Bolwig nerve), the optic lobe pio- 
neers, or the large glial cells of the optic chiasms at any 
stage. 
We have analyzed the distribution of irreC-rst immunore- 
activity in the late third instar optic lobe by confocal optic 
sectioning of immunofluorescent whole-mount prepara- 
tions. Horizontal views show that irreC-rst is present on 
young fibers of both optic chiasms and down-regulated 
on older ones (Figure 3A). There is no detectable immuno- 
reactivity in the main part of the lobula plate cortex (hous- 
ing T4, T5, and Tip cells; Fischbach and Dittrich, 1989) 
or in the distal region of the inner cell plug abutting to 
the posterior lamina (containing C2, C3, 1"2, and T3 cell 
bodies, called C&T in Figure 3B; Meinertzhagen, 1973; 
Fischbach and Dittrich, 1989; Hofbauer and Campos- 
Ortega, 1990). Only two small, unidentified cell popula- 
tions at the dorsal and ventral ends of the inner cell plug 
show irreC-rst mRNA expression (arrow in Figure 1 D) and 
MAb24A5.1 immunoreactivity (arrow in Figure 1F). 
Two distinct irreC-rst-positive layers lying proximally and 
distally (referring to the adult position of the medulla) are 
recognized in the older parts of the larval medulla neuropil 
(Figure 3A). The distal medulla layer shows clear columnar 
organization. The staining is due to long visual fibers as 
well as ingrowing lamina monopolar axons, a s judged by 
the vesicular immunostaining of the lamina cortex (and 
the mRNA in situ data; e.g., see Figure 1D). The proximal 
layer is thinner at this developmental stage and homoge- 
neously structured. Retinula cells or lamina monopolar 
cells do not project that deeply. In fact, immunoreactivity 
in the proximal medulla develops independently of retinal 
innervation in eyeless sine oculis 7 mutants, whereas the 
presence of immunoreactivity in the distal medulla is de- 
pendent on and proportional to retinal innervation (unpub- 
lished data). Both irreC-rst-positive layers are well sepa- 
rated in the oldest, basal part of the developing medulla 
(corresponding to the anterior medulla of the adult), but 
they are confluent in newly developing areas, irreC-rst im- 
munoreactivity in the inner chiasm has to be ascribed to 
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Figure 4. irreC-rst Immunoreactivity in the Pupal OpticLobe Is Con- 
fined to Small Field Columnar Elements with Specializations in Few 
Neuropil Layers 
(A-D) Horizontal semithin (A) and optical sections (B-D) reveal that 
irreC-rst immunoreactivity in the pupa is restricted to certain synaptic 
layers in the neuropil and to vesicular structures inside a subpopulation 
of neuronal cell bodies. In (A), the counterstaining of the cell bodies 
by methylene blue reveals the extent of the neuropils. IrreC-rst immu- 
noreactivity is visible in layers of the distal (dm) and proximal (pm) 
medulla. Layer-specific immunoreactivity is also present at the level 
of the Iobula (Io) and Iobula plate (lop) neuropil. Confocal sections (B- 
D) show the developmental dynamics of irreC-rst expression in the 
pupal optic lobe. Expression in the distal medulla changes from one 
(B; P16%) to two (C; P31%) and finally to four layers (D; P43%). Immu- 
noreactivity of the proximal medulla layers becomes organized in a 
columnar manner during pupal development. This is also true for the 
immunoreactivity in the Iobula, which is strongest in he most superfi- 
cial layer (C and D). Label in the Iobula plate (lop) is obvious in late 
stages (D; P43%). It is strongest in the posterior halfof the neuropil. 
Dots of i mmunolabel can be seen at the levels of the lamina (arrowhead 
in [C]) and in medulla and Iobula plate cortices (C). In (C), a very strong 
staining of the basal lamina is apparent (see also Figure 5B).Note 
the change in the staining pattern of the lamina neuropil between 
P31% (C) and P43% (D). Anterior is to the left in panels (A-D). 
Inset in (D) shows medulla neuropil sections at P16% (B), P31% (C), 
and P43% (D) scaled to the same size. Note constancy of labeling in 
the proximal medulla. Labeling in the distal medulla develops from 
one layer to two and four layers. The change from two to four layers 
occurs simultaneously with the shift of the expression pattern in the 
lamina depicted in Figure 5. 
(E-H) Layer-specific columnar organization of irreC-rst immunoreac- 
tivity. 
(E) Tangential view of the medulla neuropil, a composite of hree confo- 
recently formed axon fascicles originating in the distal me- 
dulla that project to the Iobula complex (transmedulla cells 
Tm or TmY; Fischbach and Dittrich, 1989). Expression 
on older axon fascicles is down-regulated. There is no 
gradient of expression intensity within the neuropils; this 
indicates that neurons selectively down-regulate xpres- 
sion on their axons after they have reached their target 
regions but maintain high expression in their terminal arbo- 
rizations. 
The irreC.rst Protein Persists in Specif ic  Layers of 
the Pupal Opt ic  Lobe Neuropila 
As is the case in the larval stage, irreC-rst expression in 
the pupal CNS is mainly restricted to the optic lobe. What 
in conventional whole-mount views appears to be global 
expression in the optic neuropils is revealed by semithin 
(Figure 4A) or optical sectioning (Figures 4B-4H) to be a 
highly specific labeling of only some neuropil layers. The 
MAb24A5.1-positive layer of the distal larval medulla (see 
Figure 3A) separates early in pupal development into two 
layers (Figures 4A and 4C; 25% of pupal development 
[P25% ]), which later are replaced by four layers (Figure 
4D; P43%). Semithin sections with counterstaining of the 
medulla cortex show that irreC-rst immunoreactivity is ex- 
cluded from the most distal and most proximal layers of 
the pupal medulla neuropil (corresponding to layers M1 
and M10 in adult flies; Fischbach and Dittrich, 1989). This 
excludes (among others) L1 and T4 neurons from being 
members of the irreC-rst-expressing cell population. 
The MAb24A5.1-positive layer of the larval proximal me- 
dulla persists into the pupal stage. At P62S/o, the label 
seems to be confined to layer M9. Although in the larva 
this layer appears homogeneous, in pupal stages the co- 
lumnar nature of underlying neurons is clearly visible (Fig- 
ures 4E and 4H). In confocal sections tangential to the 
neuropils, the columnar patterns of irreC-rst immunoreac- 
tivity have distinct shapes in each layer (Figures 4E-4H). 
Neurons underlying the pattern have to be small field ele- 
ments with lateral specializations confined to a single col- 
umn. This severely limits the number of neuronal candi- 
dates underlying the pattern (Fischbach and Dittrich, 
1989; Bausenwein et al., 1992). 
With the increase in the number of irreC-rst immunore- 
active layers in the distal medulla during pupal life, the 
number of Iobula layers increases as well. This is corre- 
lated with the appearance of immunoreactivity in the Io- 
bula plate cortex (Figure 4D). 
cal planes stepped 1 p.m apart, displays the columnar organization of 
the irreC-rst-positive medulla layers. 
(F) The columnar units ofthe first irreC-rst-positive layer show a half- 
ring-like organization. 
(G) The columnar units of the third irreC-rst-positive layer shows a 
bilobed symmetry. 
(hL) The columnar domains of layer M9 display a ring-like organization. 
Columnar rings are interconnected by thin irreC-rst-positive pro- 
cesses. 
Bars, 25 p.m (A-D); 20 p.m (E); 8 I~m (F-H). 
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Figure 5. Dynamic Changes of irreC-rst Protein Expression in the 
Lamina 
(A) Superposition of several oblique confocal planes. Club-like termi- 
nals of short retinula axons areclearly visible at P37%. 
(B) At P49%, the columnar expression of the irreC-rst protein has been 
reorganized. Based on their shape and localization, the fine columnar 
arborizations now displaying the immunoreactivity areprobably den- 
drites of lamina monopolar cells. The transition in the lamina staining 
pattern occurs between P37% and P43% and is accompanied by 
similar changes in the staining pattern of the distal medulla (see Fig- 
ures 4C and 4D). At the base of the lamina neuropil, where the marginal 
glial cells are situated, strong irreC-rst immunoreactivity is visible in 
(B) (arrowhead). It is out of focus in (A). Such glial cells do not form 
columnar processes. 
Bar, 20 pm. 
The irreC-rst Expression Pattern 
Changes Dynamically 
Initially, immunoreactivity in the lamina is clearly presyn- 
aptic, being localized on the club-like terminals of short 
retinula cells (Figure 5A). Du ring pupal development, there 
is a fundamental change in the nature of irreC-rst expres- 
sion in the lamina. At about P43%, a very fine-grained 
columnar immunoreactivity appears. This staining over- 
laps with R terminals for several hours, but subsequently, 
no more immu noreactivity is detectable in R terminals (Fig- 
ure 5B; P49% ). The most likely explanation for the staining 
observed in the lamina neuropil from P43% onward is ex- 
pression on dendrites of a subset of lamina monopolar 
neurons, although this hypothesis ultimately has to be 
scrutinized using the electron microscope. As the most 
proximal cell bodies of the lamina cortex (L4, L5, L1; Mein- 
ertzhagen and O'Neil, 1991) do not express irreC-rst (e.g., 
see Figure 4C) and given the shape of immunoreactive 
processes, the large monopolar neurons L2 and L3 are 
candidate neurons. Thus, irreC-rst expression appears to 
shift from pre- to postsynaptic sites in the lamina. A similar 
phenomenon might explain the changes taking place at 
the level of the medulla (see Figure 4). Down-regulation 
of protein levels begins at about P56%, first in the two 
outer medulla layers. IrreC-rst expression in the optic lobe 
decreases below detection threshhold by P74%. 
Loss of irreC-rst Protein Leads to Erroneous 
Projections of Fasciclin II-Positive Visual Axons 
In the absence of detectable irreC-rst protein levels, other 
cellular markers than irreC-rst antibodies must be used 
to characterize the development of mutant phenotypes. 
We used MAblD4, directed against the neural cell adhe- 
sion molecule fasciclin II (Grenningloh et al., 1991), to 
study axonal projections in irreC-rst mutants. Fasciclin II 
is expressed on several differentiating neuronal cell types 
during the development of the optic lobe (e.g., retinula 
cells, lamina monopolar cells, and C&T cells). Figure 6A 
shows the precise projections of fasciclin II-positive fibers 
in the outer optic chiasm typical of a wild-typo pupa. In 
irreC I~  mutant pupae, fasciclin II-positive projections are 
bundled in an irregular manner (Figure 6B). An additional 
phenotype visible in irreC 1~4 pupae concerns target/ad- 
dress selection (Figure 6C). Terminal specializations are 
occasionally formed in the wrong neuropil ayer. The pene- 
trance of this phenotype per visual column is low. It was 
only observed in few columns of about 27% of mutant 
pupae at P20%. Such termination errors have never been 
seen in wild type. Their low penetrance suggests the exis- 
tence of regulatory mechanisms during target/address e- 
lection that can compensate for quantitative alterations of 
a single adhesion molecule. 
Fibers exiting the posterior lamina are normally the first 
that project through the outer optic chiasm. They project 
erroneously in irreC mutants (Figures 6E and 6G), whereas 
more anterior axon bundles take the normal route. Poste- 
rior lamina and long retinal fibers neighbor the fasciclin 
II-positive cell body fibers of C&T cells (see Figure 3C; 
Figure 6F). In the absence of the irreC-rst protein, they 
project like C&T cell fibers into the inner optic chiasm along 
the inner face of the proximal medulla. From there, lamina 
and long retinal fibers transverse the medulla neuropil to 
approach their normal target region (Figure 6G; Boschert 
et al., 1990). 
Interestingly, the optic lobe phenotype is not severely 
affected by the truncation of the cytoplasmic domain of 
the irreC-rst protein. This experiment is provided by the 
rst cT mutation (see Figure 1B), which is a 98 bp deletion 
in the open reading frame l ading to the elimination of 
the last 175 C-terminal amino acids (Ramos et al., 1993). 
Although the rst cT mutants show severe eye defects (Wolff 
and Ready, 1991), its optic lobe develops normally (Bosch- 
err et al., 1990). One must postulate that the mutated irreC- 
rst protein is functional and normally expressed in the optic 
lobe. Indeed, the distribution and subcellular localization 
of the mutated protein the optic lobe are indistinguish- 
able from the wild type (data not shown). The abnormal 
development of the compound eye, on the other hand, is 
associated with abnormal subcellular localization of the 
irreC-rst mutant protein in the eye imaginal disc (Reiter et 
al., unpublished data). 
Global Misexpression of the irrsC.rst cDNA (HB3) 
Leads to Erroneous Projections of Visual Fibers 
in the Optic Chiasms 
The irreC-rst mutant phenotypes show that the protein is 
required for outer (Figures 6B, 6E, and 6G) as well as for 
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Figure 6. Loss of irreC-rst Affects Axonal Projections of Fasciclin II-Positive Fibers (Visualized by MAblD4) 
(A and B) Optic lobes of wild-type (A) and irreC I~  (B) pupae (P16%). In the mutant pupa, fasciclin II-positive fibers in the outer optic hiasm are 
bundled in an irregular manner (arrow). 
(C) Fasciclin ,-positive projections into the medulla of irreC 'R~ pupae (P20%). Arrow indicates termination error, whereas arrowhead points to 
projection errors similar to those seen i  irreC u~3 (E). 
(D and E) Frontal optical sections through the posterior optic lobes of wild-type (D) and irreC u~" (E) pupae (P30%). Dorsal is up. In the mutant, 
many posterior bundles from the lamina (arrows), not only those at the equator, project into the inner optic hiasm. 
(F and G) Horizontal optical sections through the optic lobes of wild-type (F) and irreC u~ (G) pupae (P15%). Arrowhead in (F) points to the cluster 
of C&T cell bodies. Fasciclin II-positive C&T fibers project along the inner face of the medulla (compare with Figure 3B). In the mutant (G), fiber 
bundles exiting posterior lamina cartridges also project along the inner face of the medulla before they penetrate the medulla neuropil toward 
their normal target region (arrows). 
Bars, 50 p.m (B); 10 p.m (C); 25 p.m (E); 20 p.m (G). 
inner optic chiasm development (Boschert et al., 1990). 
They do not prove the functional significance of the pattern 
of expression. To test the necessity for temporal and spa- 
tial regulation of irreC-rst protein levels, we investigated 
the effects of global overexpression of the HB3 cDNA, 
which contains a complete open reading frame of the irreC- 
rst  gene (Ramos et al., 1993). We employed two different 
experimental approaches that yielded similar results. 
Overexpression of irreC.rst in 
elav-Gal4/UAS-HB3 Hybrids 
We cloned HB3 cDNA into the pUAST vector behind five 
UAS binding sites for the yeast transcription factor Gal4 
(Brand and Perrimon, 1993). Five independently trans- 
formed Drosophila lines were established and crossed to 
a transformant line expressing Gal4 under the control of 
the elav promoter (Luo et al., 1994). The elav promoter is 
active in nearly every neuron at all developmental stages 
(Robinow and White, 1988). Accordingly, in the elav-Gal4/  
UAS-HB3 hybrids, irreC-rst immunoreactivity is detected 
throughout the nervous system. All independent UAS-H B3 
lines yielded similar results. Figure 7A shows a sagittal 
confocal section of a third instar larval brain hemisphere 
at the level of the optic lobes. IrreC-rst immunoreactivity 
is detected throughout the cellular cortices and most 
strongly throughout the neuropils. The normal wild-type 
expression pattern is completely masked. As is normal, 
irreC-rst does not outline cell bodies; it rather exists in 
large, globular, intracellular structures in the cortical re- 
gions. 
The global overexpression of the irreC-rst protein has 
dramatic, 100% penetrant effects on optic lobe develop- 
ment. The phenotypes (Figures 7C and 7D) are reminis- 
cent of the loss of function phenotypes hown in Figure 
6. In Figure 7B, a severe case is shown in which posterior 
retina/lamina fibers and C&T fibers form a common plexus 
(right arrowhead). More anterior lamina/retina fibers, 
which project into the distal medulla, are forming thick 
bundles (left arrowhead). 
elav-Gal4 /UAS-HB3 hybrids are viable into the adult 
stage. Their central brain looks about normal (data not 
shown); only the optic lobe is severely disordered. 
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Figure 7. PhenotypesCausedbyGIobalOver- 
expression of irreC-rst 
(A) Optical section through third instar larval 
brain hemisphere ofelav-Gal4/UAS-HB3 hybrid 
labeled with MAb24A5.1. The irreC-rst HB3 
protein is expressed globally (compare Figure 
3). Inside the cellular cortices, immunoreactiv- 
ity is of a granular nature, whereas the neuro- 
pils are more homogeneously labeled. 
(B-D) Optical section through late third instar 
larval (B) and pupal (C [P30O/o] and D [P20O/0]) 
brain hemispheres of elav-Gal4/UAS-HB3 hy- 
brids labeled with MAblD4. 
(B) This horizontal view of a late larval brain 
hemisphere shows especially severe cluster- 
ing of fasciclin II-positive axon bundles (arrow- 
heads). Fiber tracts exiting the anterior lamina 
(la) project along the distal medulla (din). Fiber 
bundles exiting the posterior lamina form a 
plexus with C&T cells and project along the 
proximal medulla (pro). 
((3 and D) Moderate overexpression pheno- 
types show resemblance to loss of function 
phenotypas (compare with Figures 6E and 6G). 
Star in (D) points to C&T cell cluster. 
Io, Iobula; mc, medulla cortex. 
Bars, 40 p~m (A); 10 p.m (B); 25 p.m (C); 20 
p.m (D). 
Overexpression of irreC.rst in a 
Heat Shock Transformant 
HB3 cDNA was also cloned into the pKB256 vector and 
used for transformation (see Experimental Procedures). 
Recovery of viable heat shock transformants was very 
rare. Finally, a single insertion into 61D on the third chro- 
mosome was recovered (out of 1624 injected embryos). 
Transformants did not survive embryogenesis when kept 
at 31°C, but were viable at this temperature thereafter, 
and larval brains contained high amounts of irreC-rst pro- 
tein (see Figure 1B). When the transformants were 
crossed to irreC mutants, no rescue of mutant phenotypes 
could be obtained under any conditions; instead, even on 
a wild-type genetic background, adult brain phenotypes 
of the heat shock transformant show specific defects in 
the visual system that are similar to those of elav-Gal4/ 
UAS-HB3 hybrids and to loss of function optic lobe pheno- 
types (data not shown). 
Discussion 
The present paper shows first that irreC-rst is able to medi- 
ate homophilic adhesion in S2-Schneider cells. It then 
deals with the putative function of this cell adhesion protein 
in the developing postembryonic brain. Two optic chiasms 
connect the neuropils of the insect optic lobe: the outer 
optic chiasm, situated between the lamina and medulla, 
and the inner optic chiasm, between medulla and Iobula 
complex. Projections in both chiasms take ectopic paths 
in irreC-rst mutants (Boschert et al., 1990). Specific mono- 
clonal antibodies against the irreC-rst protein now demon- 
strate its selective presence on newly formed axon bun- 
dles during the formation of both optic chiasms and in 
all columnar domains of certain layers of the developing 
visual neuropils. Subpopulations of cells at all levels of the 
visual system (in the retina, lamina, medulla, and Iobula 
complex) produce the protein. The restricted expression 
is required for correct axonal projections as shown by loss 
and gain of function phenotypes. 
irreC-rst Makes the Difference between Young and 
Old Axon Bundles in the Optic Chiasm 
From studies on loss and gain of function effects, it has 
become increasingly clear that the role of neural adhesion 
molecules in axonal contact guidance must be seen as a 
complex interplay of different actors (Lin and Goodman, 
1994). Attractive as well as repulsive factors are of impor- 
tance, and, most likely, different fiber groups are identifi- 
able by a quantitative and combinatorial code using differ- 
ent surface molecules. On the one hand, a discussion of 
irreC-rst protein function in axonal navigation has to take 
this complexity into account; on the other hand, the clear 
mutant phenotypes caused by loss and gain of irreC-rst 
protein are likely to add to our understanding of the under- 
lying mechanisms. 
During chiasm formation in the third instar larva, irreC- 
rst immunoreactivity is present on young fascicles and 
down-regulated on older ones (see Figure 3). This feature 
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is a key to an understanding of the phenotypes of mutants 
and transformants. When the information provided by the 
finely regulated wild.type xpression pattern is abolished, 
either due to the absence of the protein or its global over- 
expression, chiasms develop in a disordered fashion. 
Whereas usually fiber bundles from neighboring car- 
tridges are separated and equal in size, fiber bundles in 
the mutants (see Figure 6) and transformants (see Figure 
7) recruit projections from many cartridges and are highly 
heterogenous in size. Accordingly, the adult phenotypes 
of loss and global gain of function are also similar (data 
not shown). 
Like other immunoglobulin molecules, irreC-rst medi- 
ates homophilic binding in vitro (see Figure 2) and may 
therefore be regarded as a homophilic neural cell adhesion 
molecule. Although this does not exclude the existence 
of stronger heterophilic interactions in vivo, it provides, in 
conjunction with the expression pattern, a simple model 
to explain irreC-rst function in optic chiasm formation. Loss 
of function mutations abolish the difference between 
newly outgrowing and old fiber bundles by taking irreC-rst 
from the young. Global misexpression of irreC-rst abol- 
ishes that difference by blocking down-regulation on old 
fibers. In both cases, newly outgrowing fibers may no 
longer be able to distinguish between fibers belonging to 
the same and neighboring visual columns. 
The frequent misrouting of the most posterior lamina 
fibers into the inner optic chiasm (see Figures 6E and 
6G and Figures 7B-7D) needs special consideration. The 
geometry of the larval optic lobe offers them the option to 
project either through the inner chiasm via the route taken 
by C&T fibers or to follow the normal path through the 
outer chiasm (see Figures 3B and Figures 6F and 6G). 
Normal irreC-rst expression prevents the wrong choice. 
We suggested earlier (Boschert et al., 1990) that the dis- 
placement of the cell bodies of the three optic lobe pioneer 
neurons (Tix et al., 1989) seen in irreC ua"3 mutants (Bosch- 
ert et al., 1990) may be the reason for the wrong decision. 
However, no evidence for irreC-rst expression in the optic 
lobe pioneer neurons is found, and their equatorial position 
cannot explain the misrouting of posterior dorsal and ven- 
tral fiber bundles. Interestingly, C&T cells also express 
fasciclin II (see Figure 6F). It is therefore possible that in 
the absence of irreC-rst homophilic fasciclin II interactions 
become more important. 
Does irreC-rst Also Play a Role 
during Synaptogenesis? 
After axons have found their target neuropil, irreC-rst im- 
munoreactivity is down-regulated on the fibers. It is still 
very strong, however, in columnar domains of specific neu- 
ropil layers, suggesting that the protein remains ex- 
pressed on the terminal specializations of the axons. This 
continuation of irreC-rst expression far beyond the com- 
pletion of chiasm formation suggests that the protein may 
exert further functions in subsequent processes. 
The cellular basis of information processing in the optic 
lobe of Drosophila is provided by cell type-specific arbori- 
zations in discrete layers of the neuropils, as revealed 
by a Golgi analysis of neuronal shapes (Fischbach and 
Dittrich, 1989). Serially arranged groups of columnar cell 
types sharing overlapping pre- and postsynaptic arboriza- 
tions underlie visual pathways responsible for tasks of 
visual information processing, e.g, motion detection (Bau- 
senwein et al., 1992). Medulla and Iobula plate neuropil 
layers used by such pathways for synaptic connectivity 
have been visualized by 2-deoxyglucose activity-depen- 
dent labeling (Buchner et al., 1984; Bausenwein and 
Fischbach, 1992). During pupal development, irreC-rst im- 
munoreactivity defines an array of synaptic layers that is 
very reminiscent of such pathways, although it does not 
coincide with any one of the three described so far 
(Bausenwein et al., 1992). Analysis of the expression pat- 
tern shows that at least some of the irreC-rst-positive cells 
are serially arranged from distal to proximal and thus could 
be members of a functional pathway. In general, small 
field transmedullary neurons receive input from lamina 
monopolar cells in the distal medulla and arborize in the 
proximal medulla and in the Iobula (Tm) or, in addition, in 
the Iobula plate (3"mY). The Tml neuron, for example, 
arborizes in M2, M3, and M9 and terminates in the first 
layer of the Iobula (Fischbach and Dittrich, 1989). The dis- 
tribution of irreC-rst immunoreactivity strongly suggests 
that Tml is one of the expressing neurons. Unfortunately, 
so far no independent marker for Tml neurons is available. 
Selection of synaptic layers is less severely affected in 
irreC-rst mutants than pathway selection. In spite of the low 
penetrance per individual column, projections into wrong 
layers can be observed in some mutant individuals (see 
Figure 6C). This illuminates an important advantage of the 
visual system for probing the function of proteins involved 
in the establishment of neuronal connectivity. Owing to 
its vital importance, neuronal connectivity is obviously se- 
cured by the existence of multiple regulatory circuits. 
Therefore, the knockout of a single molecular component, 
although decreasing the probability of success, may re- 
main unnoticed. The repetitive organization of the visual 
system increases the chance of detecting phenotypes of 
low penetrance. 
Expression data show a shift of irreC-rst localization 
from newly outgrowing axons (in larvae; see Figure 3A) 
to axonal terminals (early pupae; see Figure 4), and even 
later to putative dendritic sites (see Figure 5). Especially 
the latter is a very intriguing phenomenon, the nature of 
which has not yet been elucidated. It is desirable to verify 
this putative transition at the level of the electron micro- 
scope. 
Chemospecificity in the Visual Systems of 
Vertebrates and Invertebrates: Does the 
DM-GRASP Family of Proteins In Vertebrates Have 
irraC-rat-Related Functions? 
Axons face similar problems in all visual systems. They 
have to find the right retinotopic column and must then 
form their terminal specializations in the right synaptic 
layer to contact their cell type-specific postsynaptic part- 
ners. Although the concept of chemoaffinity was initially 
formulated to explain the axonal projections in the visual 
system of vertebrates (Sperry, 1963), it applies to inverte- 
brates as well (Goodman, 1994). The extremely high spa- 
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tiotemporal order of retinal fiber ingrowth into the optic 
lobe of flies (Meinertzhagen, 1973) is not required for reti- 
notopic projections (Kunes et al., 1993). Actually, the optic 
lobe phenotype of i rreC mutants lets one make the same 
point. Ectopic fibers find their approximate retinotopic pro- 
jection area in spite of severe misrouting (Boschert et al., 
1990). Topological maps between medulla, Iobula, and 
Iobula plate develop even in the congenital absence of 
retinal innervation in sine ocul is  I mutants and in spite of 
severe cell degeneration in their optic lobe rudiments 
(Fischbach, 1983; Fischbach and Technau, 1984). The 
relevance of chemoaffinity in the optic lobe of Drosophila 
is also highlighted by the finding of supernumerary R7 
terminals in gap ~ mutants. R7 axons from the same omma- 
tidia always terminate in the same medulla column, even if 
neighboring medulla columns are depleted of R7 terminals 
(Ashley and Katz, 1994). 
The difference between molecular mechanisms in- 
volved in the basic wiring of vertebrate and invertebrate 
visual systems might then be less than previously ex- 
pected. Interestingly, the extracellu]ar domain of the irreC- 
rst protein shares important features with the DM-GRASP/ 
SCI /BEN proteins isolated in the chick (Burns et al., 1991 ; 
Tanaka et al., 1991; Pourquid et al., 1992), zebrafish, and 
mouse (Kanki et al., 1994). DM-GRASP has recently been 
found to be expressed early in eye development on grow- 
ing, far-projecting axons of retinal ganglion cells (Poller- 
berg and Mack, 1994). Later in development, while being 
down-regulated on axons, it appears on distinct laminae 
within plexiform layers in spatio-temporal correlation with 
synaptogenesis (Pollerberg and Mack, 1994). A very simi- 
lar expression pattern has been found with Neurolin, a 
member of the DM-GRASP family from the goldfish 
(Laessing et al., 1994). It is found on growing retinal axons, 
but "was absent from older axons, except the terminal 
arbor layer in the tectum" (Paschke et al., 1992). These 
temporal and spatial similarities with the expression pat- 
tern of irreC-rst are striking and suggest conservation of 
function. The proteins are expressed on visual axons dur- 
ing growth and persist in synaptic layers during synapto- 
genesis. Future work will elucidate the detailed molecular 
and cellular functions of the intriguing DM-GRASP sub- 
family of neural recognition molecules of which irreC-rst 
is a putative member. 
Experimental Procedures 
Fly Stocks 
Isolation, genotypic haracteristics, and conditions of maintenance of 
irreC-rst mutant and wild-type fly stocks used in this work have been 
described previously (Boschert et al., 1990). Dr(l)rst-vt was provided 
by the Umaa stock canter. Stock w ~'8, used for transformation experi- 
ments, was obtained from Stephan Schneuwly 0N0rzburg). 
Staging of Larval and Pupal Development 
Staging of first and second instar larvae was clone by a 1 hr time 
window of egg deposition and 24 hr or 48 hr incubation at 25°C. Brains 
of defined ages ( _ 1 hr) were obtained by separation of white pupae 
and dissection at defined intervals thereafter. Standard raising temper- 
ature for pupae was 25°C. Under these conditions, 100o/0 of pupal 
development corresponds to 103 h r (Roberts, 1986). The stages stud- 
ied being indicated here as Px%. 
Generation of Monoolonal Antibodies 
The anti-irreC-rst antibody was raised against a fusion protein compris- 
ing amino acid residues 21-522 of the extracellular part of the HB-3 
protein (Ramos et al., 1993). The corresponding cDNA was cloned 
into a hexahistidine tag vector called pQE31 (Qiagen). The fusion pro- 
tein was expressed in E. coil, then purified by affinity chromatography 
using a NF ÷ column (Qiagen) according to the instructions of the manu- 
facturer. The fusion protein was solubilized with 8 M ureaJPBS for 
affinity purification and partially renatured by stepwise dialysis against 
decreasing concentrations of urea in PBS. Five female Balb/c mice 
were immunized subcutaneously with 20 ~.g of fusion protein in PBS 
and boostered once with 30 ~.g. The mouse with the highest immunore- 
activity in enzyme-linked immunosorbent assay (ELISA) was boost- 
Bred intraperitoneally with 30 ~g for 3 days. After the last booster 
injection, spleen cells from this mouse were fused to myeloma cells 
of the PAl line (derived from X63/Ag8.653) using polyethylene glycol 
1500. Supernatants of the resulting hybddoma cells were screened 
in ELISAs using the irreC-rst fusion protein as antigen. Positive hybrid- 
omas were recloned by limiting dilution. Mab24A5.1 was used for label- 
ing of brains. Mab21 D11.1 was used in Westerns blots. The subtype of 
both MAbs was determined to be IgG1 using the Boehringer Mannheim 
hybridoma subtyping kit. 
Construction of Fusion Proteins for Antibody Binding Tests 
Construction, expression, and purification of partially deleted irreC-rst 
fusion proteins was done with the Qiagen kit as described above. 
Fusion protein AE900 was constructed with the pGEX-2T Vector (Phar- 
macia). In ELISAs, antibody binding to the different parts of the extra- 
cellular irreC-rst protein was determined. 
Western Protocol 
Brains of larvae, pupae, and adults were washed thoroughly in PBS 
and transferred to a hypotonic buffer (20 mM HEPES, 2 mM EGTA, 
1 mM benzamidine, 0.5 mM PMSF, 1 ~.g/ml leupeptin, 1 ~.g/ml pepsta- 
tin A, 1 ~g/ml soybean trypsin inhibitor [pH 7.5]). Cells were disrupted 
by freezing in liquid nitrogen and subsequent hawing. Tissue was 
stored in the hypotonic buffer for a further 30 min on ice and then 
homogenized with 30 strokes in a Dounce homogenizer. The homoge- 
nate was centrifuged for 15 rain at 5000 g. The pellet was resuspended 
in a lysis buffer (1% Triton, 20 mM HEPES, 2 mM EGTA, 1 mM dithi- 
othreitol, 0.5 mM PMSF [pH 7.5]). Brain extracts were suspended in 
SDS sample buffer, diluted to 1 I~g/Id, incubated for 5 min at 95°C, 
and etectrophoresed in 7.50/o gels (0.5 ram) for about 1 hr at 200 
V using the minigel system from Bio-Rad. Proteins were transferred 
electrophoretically for 1 hr at 100 V onto nitrocellulose membranes 
(Schleicher and Schuell; 0.45 mm) with the blotting system from Bio- 
Rad and 25 mM Tris, 186 mM glycine, and 20°/0 (v/v) methanol as 
transfer buffer. Following transfer, nonspecific binding was blocked 
with TBST (20 mM Tris-HCI [pH 7.5], 150 mM NaCI, 0.1o/0 [v/v] Tween 
20) containing 0.5% (w/v) bovine serum albumin at room temperature. 
After washing in TBST, MAb21 D11.1 (diluted 1:10 in TBST) was added 
to the nitrocellulose membrane. After 1 hr of incubation at room temper- 
ature and washing three times with TBST, the blot was incubated for 
1 hr with the secondary antibody (anti-mouse IgG/AP, diluted 1:5000 
in TBST). The blots were washed 3 x 10 rain with TBST and twice 
in TBS and developed using the Promega Western Blot AP System. 
Antibody Staining of Larval and Pupal Brains for Bright-Field 
and Confocal Light Microscopy 
After preparation in PBS, brains were fixed in 4% paraformaldehyde 
for 30 min on ice and washed with PBS several times. After blocking 
with PBS/0.1% Triton X-100/0.1% BSAJ3% normal goat serum for 1 
hr at room temperature, tissue was incubated overnight at 4°C with 
hybridoma supernatant diluted in blocking solution. MAb24A5.1 
against irreC-rst was used in a dilution of 1:50; MAb5A6 against 
DPTP69D, 1:30; MAb22C10, 1:100; MAblD4 against fasciclin II, 1: 
10. For histochemical detection, the Vectastain ABC-kit (Vector) was 
used. The biotin-conjugated secondary antibody (dilution 1:500 in 
PBS/0.1% Triton X-100) was allowed to bind for 1.5 hr at room tempera- 
ture. After washing 5 x 10 min each with PBT, the brains were incu- 
bated for another I hr with preformed avidin-biotin-horseradish perox- 
idase complexes at room temperature. After 5 x 10 min washing, 
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color development was done at a final concentration of 0.1 mg/ml 
diaminobenzidine and 0.001% H202 in PBS for 15 min. The whole 
mounts were embedded with coverslips in Glycergel (DAKO) or Gary's 
Magic Mountant (Lawrence et al., 1986) and viewed under a Zeiss 
Axiophot with Nomarski optics. For immunofluorescence, a Cy3- 
conjugated goat anti-mouse IgG + IgM H + L chain secondary antibody 
(Jackson ImmunoResearch) was used with a final dilution of 1:200. 
In this case, preparations were embedded with Vectashield (Vector) 
and viewed with a confocal microscope (Leica CLSM TCS4D) 
equipped with a crypton-argon laser. Data were recorded and pro- 
cessed using implemented software (Leica). 
Semlthln Sectioning of Whole Mounts 
Stained whole mounts were embedded and oriented in 2% agarose 
and cut out as single cubes. Brains were dehydrated and incubated 
for 2 x 10 rain in xylene, 1 hr in 330/0 Epon 812, and overnight at 4°C 
in 500/o Epon 812. 
Xylene was evaporated; brains were transferred to 100%o Epon 812 
(overnight at 4°C) and then embedded. 
After Epon polymerization, specimens were cut in 1.5 I~m sections, 
counterstained with a mixture of methylene blue (0.02%0), toluidine 
(0.02%), and borax (0.1o/0), embedded with DePex, and viewed under 
a Zeiss Axiophot with Nomarski optics. 
Paraffin Histology 
The brain phenotypes of heat shock transformants were studied using 
the Heisenberg-B~)hl mass histology procedure (Heisenberg and B6hl, 
1979). 
Construction of Transfectlon and Transformation Vectors 
Heat shock vector pKB256 (constructed by K. Basler) was digested 
with Kpnl, dephosphorylated, and ligated with a KpnI-Kpnl fragment 
from a partial digest of HB3, which contained the entire open reading 
frame of the HB3 cDNA from the irreC-rst locus (Ramos et al., 1993). 
We also cloned the Spel fragment of HB3 cDNA containing the 
entire open reading frame into the pUAST vector behind the five UAS 
binding sites for the yeast transcription factor Gal4 (Brand and Perri- 
mon, 1993). 
The orientation of the recombinant DNA was checked by restriction 
enzyme digests. Plasmid DNA was prepared with the Qiagen plasmid 
kit. 
Transtection of S2-Schnelder Cells 
S2 cells (Schneider, 1972) were grown as monolayers at 26°C with 
air as the gas phase in Schneider's Drosophila .,medium (Gibco) supple- 
mented with 10%oheat inactivated FCS (Sigma). Cells were transfected 
as described by Snow et al. (1989). The plasmid pPC4 conferring 
an (~-amanitin-resistant allele of the large subunit of Drosophila RNA 
polymerase II (Jokerst et al., 1989) was used as a selectable marker. 
To establish a stably transfected line of $2 cells, 10 p.g of pKB256-HB3 
was cotransfected with 10 p,g of pPC4 into semiconfluent $2 cells 
using DNA-calcium phosphate precipitation (Wiglet et al., 1979). Cells 
were selected with 5 p,g/ml (z-amanitin (Sigma). 
Cell Aggregation Assays 
Confluent or near confluent cells were heat shocked at 37°C for 15 
rain and then allowed to recover at 26°C for 2 hr minimum. Cells were 
collected by centrifugation and washed in BSS. Cells were resus- 
pended in Schneider's Drosophila medium at 2 x 10 ~ cells/ml, and 1 
ml of this suspension was placed in 2 ml tubes and rotated at 30 rpm 
for 1 hr at 25°C. Aliquots were spotted on slides and examined using 
Nomarski optics. For antibody staining, cell suspensions were labeled 
with MAb24A5.1 as described above. 
For the kinetics of adhesion, particle number was determined using 
an hemocytometer. Individual cells or any group of two or more cells 
were counted as one particle as a function of time. 
In some experiments, transfected and untransfected cells were 
mixed in a 1:1 ratio to a final concentration of 2 x 106 cells/ml. Before 
mixing, cell populations were labeled with either fluorescein isothiocya- 
nata (FITC) or rhodamin isothiocyanate (RITC) for 15 rain in a staining 
solution: 1 mg FITC or RITC dissolved in 20 pJ DMSO, diluted 1:1000 
(FITC) or 1:5000 (RITC) in PBS (Bonhoeffer and Huf, 1980; Krantz 
and Zipursky, 1990). 
Germ Line Transformation 
Plasmids pKB256-HB3, pUAST-HB3, and helper plasmid pUChsTt A2- 
3 were prepared with Qiagen plasmid kit and resuspended in injection 
buffer (5 mM KCI, 0.1 mM NaH2PO4) at pH 6.8. 
w "18 embryos aged 0-60 rain were collected on apple juice agar 
plates at 25°C and dechorinated for 4 rain with fresh 5% NaCIO. 
Together with the helper plasmid pU ChsltA2-3 (0.2 m g/ml), the recom- 
binant plasmids (0.6 mg/ml) were injected into embryos for germ line 
transformation as described in Spredling and Rubin (1982) and Rob- 
errs (1986). In the case of pKB256-HB3, a single w + transformant line 
was recovered. The insertion was mapped to 61D by in situ hybridiza- 
tion. With pUAST-HB3, five independent transformants were isolated. 
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